Pyridoxamine-pyruvate aminotransferase (PPAT; EC 2.6.1.30) is a pyridoxal 5-phosphate-independent aminotransferase and catalyzes reversible transamination between pyridoxamine and pyruvate to form pyridoxal and L-alanine. The crystal structure of PPAT from Mesorhizobium loti has been solved in space group P4 3 2 1 2 and was refined to an R factor of 15.6% (R free ‫؍‬ 20.6%) at 2.0 Å resolution. In addition, the structures of PPAT in complexes with pyridoxamine, pyridoxal, and pyridoxyl-L-alanine have been refined to R factors of 15.6, 15.4, and 14.5% (R free ‫؍‬ 18.6, 18.1, and 18.4%) at 1.7, 1.7, and 2.0 Å resolution, respectively. PPAT is a homotetramer and each subunit is composed of a large N-terminal domain, consisting of seven ␤-sheets and eight ␣-helices, and a smaller C-terminal domain, consisting of three ␤-sheets and four ␣-helices. The substrate pyridoxal is bound through an aldimine linkage to Lys-197 in the active site. The ␣-carboxylate group of the substrate amino/ keto acid is hydrogen-bonded to Arg-336 and Arg-345. The structures revealed that the bulky side chain of Glu-68 interfered with the binding of the phosphate moiety of pyridoxal 5-phosphate and made PPAT specific to pyridoxal. The reaction mechanism of the enzyme is discussed based on the structures and kinetics results.
is a pyridoxal 5Ј-phosphate (PLP)-independent aminotransferase that catalyzes the transfer of an amino group between pyridoxamine (PM) and pyruvate in the forward reaction and between pyridoxal (PL) and L-alanine in the reverse reaction. PPAT is involved in a degradation pathway for PM, one of six natural vitamin B 6 compounds (1). It has been purified from Pseudomonas sp. and characterized (2) . Many biochemical studies have been performed on it (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , because its reaction serves as a model for a half-reaction in the overall transamination reaction catalyzed by general PLP-dependent aminotransferases. Recently, we first identified the gene encoding PPAT in a nitrogen-fixing symbiotic bacterium, Mesorhizobium loti MAFF303099, characterized with the recombinant PPAT overexpressed in Escherichia coli cells (13) , and found that it belonged to the class V aminotransferases of fold type I of PLPdependent enzymes (14) , although it does not use PLP as a coenzyme.
The recombinant PPAT bound the substrate PL at Lys-197 through a Schiff base, like general aminotransferases, forming an internal aldimine between PLP and an active site lysine residue, and the Schiff base formation was partially rate-determining in the reverse reaction. Sequence alignment of PPAT with other class V aminotransferases showed that the amino acid residues that have been shown to interact with PLP, based on the crystallography of E. coli phosphoserine aminotransferase (15) and human alanine-glyoxylate aminotransferase (AGAT; Ref. 16) , were conserved in PPAT, and it was suggested that PL is held through interaction with these amino acid residues in the active site of PPAT (13) . The predicted active site structure of PPAT suggested that PLP cannot bind to the enzyme because the bulky side chain of an amino acid residue located in the phosphate-binding space in PLP-dependent aminotransferases prevents the approach of PLP to the active site of PPAT (13) . One of the aims of this study was to determine the amino acid residue preventing the binding of PLP, and the extent to which PPAT can be converted to PMP-pyruvate (PLP-L-alanine) aminotransferase through mutation of a relevant residue.
A further aim of this study was to propose a reaction mechanism for PPAT based on the structures of PPAT bound to PL, PM, and pyridoxyl-L-alanine (PLA) and on the profile of aligned sequences of the class V aminotransferases and kinetic results described previously (13) . To assess the contribution of Arg-336 to the substrate specificity of PPAT, we produced the PPAT R336A mutant and analyzed its kinetic properties. ity (by the phenylhydrazine method and the spectrophotometric method) and protein concentration (from the molecular absorption coefficient) were determined as described previously (13) . PMP-pyruvate aminotransferase activity was assayed by the phenylhydrazine method as follows. The reaction mixture (0.4 ml) consisted of 0.1 M borate-KOH (pH 9.0), 5 mM sodium pyruvate, 0 -5 mM PMP, and the enzyme. The reaction was performed at 30°C for 15-30 min and stopped by the addition of 66 l of 9 M sulfuric acid. Kinetic parameters were determined using curve-fitting software (KaleidaGraph) as described previously (13) .
Site-directed Mutagenesis of PPAT-Genes encoding E68A, E68G, and R336A mutant PPATs were prepared by essentially the same method as that described previously (13) . The primers used were: for E68A, 5Ј-TGCATGGCGCGCCGGTGC-3Ј and 5Ј-GCACCGGCGCGCCATGCA-3Ј; for E68G, 5Ј-TGCAT-GGCGGGCCGGTGC-3Ј and 5Ј-GCACCGGCCCGCCAT-GCA-3Ј; and for R336A, 5Ј-CGTCGGGGGCGGGCGAGA-3Ј and 5Ј-TCTCGCCCGCCCCCGACG-3Ј. The underlining indicates mismatched sites. The expressed mutant enzymes were purified by essentially the same method as that used for the wild-type enzyme (13) .
Crystallization, Substrate Soaking, and X-ray Data Collection-PPAT was crystallized by the sitting drop vapor diffusion method. The volume of the reservoir solution (50 mM HEPES-KOH, pH 8.0, 2 M ammonium sulfate) was 100 l, and the drop volume was 5 l, comprising 2 l of a protein solution (11.6 mg/ml in 10 mM HEPES-KOH, pH 8.0, 1 mM EDTA) and 3 l of the reservoir solution. Single crystals appeared within 1 month at 4°C. Crystals of PM, PL, or PLA-bound forms of PPAT were prepared by soaking crystals in the reservoir solution containing 10 mM PM, 10 mM PL, or 5 mM PLA, respectively, for 30 min at 25°C. PLA was synthesized from PL and L-alanine as described previously (17) . All of the crystals were frozen in a cold nitrogen-gas steam after short soaking in the reservoir solution containing 30% (v/v) glycerol. X-ray diffraction data sets were collected at the BL38B1 station of SPring-8 (Hyogo, Japan) at Ϫ173°C, using an x-ray beam with a wavelength of 1.0 Å and a Rigaku R-AXIS V imaging plate detector. The crystal belongs to space group P4 3 2 1 2 with cell dimensions of a ϭ b ϭ 68.545 and c ϭ 311.625 Å. Two molecules/asymmetric unit were estimated assuming V sol ϭ 51%. All of the raw data were processed and scaled using the program suite HKL2000 (18) . The parameters of the crystals and data collection are listed in Table 1 .
Structure Determination and Refinement-The structure of the free form of PPAT at 2.0 Å was at first determined by the molecular replacement method, using the structure of AGAT (Ref. 19 ; Protein Data Bank code 1VJO) as a search model with CNS (20) . After rotational and translational searches and refinements with simulated annealing, the initial model was built using TURBO-FRODO (AFMB-CNRS, Marseille, France). It was then refined further with the simulated annealing, individual B factor refinement, and energy minimization protocols in the program CNS. The noncrystallographic symmetry restraint was incorporated through the refinement, and it was removed in the final refinement. The root mean square deviation (RMSD) values of two subunits in the assymetric units are less than 0.4 Å ( Table  1) . Water molecules exhibiting more than 1 in the 2F o Ϫ F c map and more than 3 in the F o Ϫ F c map were then added to Structure of Pyridoxamine-Pyruvate Aminotransferase JANUARY 11, 2008 • VOLUME 283 • NUMBER 2
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the model. The structures of the PM-, PL-, and PLA-bound forms of PPAT were built using COOT (21) and refined with REFMAC5 (22) in the ccp4 suite (23) . The topology and parameter files for PM and PL were obtained from the HIC-UP server (24) , and those for PLA were generated using the PRODRG server (25) . The stereo quality of the model was assessed using PROCHECK (26) . The statistics of the data collection and the refinement are listed in Table 1 . The structural superimpositioning was performed using the FATCAT server (27) . All of the molecular graphics figures were prepared using the program PyMOL (DeLano Scientific; pymol.sourceforge.net/). The accessible surface area was calculated with Protein-Protein Interaction Server version 1.5 (28) .
Modeling of the External Aldimine of PL with L-Alanine in PPAT-For modeling of the external aldimine of PL with L-alanine in the active site of PPAT, the crystal structure of PPAT in a complex with PLA was used as the starting structure. Molecular mechanic calculations were performed using MOE (version 2006.08; Chemical Computing Group Inc., Montréal, Canada). Protons were generated on the entire structure including the water molecules. The bond between C-4Ј and N of the alanine moiety of PLA was changed to a double bond, the N atom of the generated imine bond being protonated. The O-3Ј and N-1 of PL were unprotonated and protonated, respectively. The chloride ion was removed, and the side chain of Asn-196 was rotated around 1 by 135°t o yield a conformation similar to that of the side chain of Asn-196 in other PPAT crystal structures (free enzyme, and the enzymes in complexes with PL and PM). Energy minimization was carried out using MMFF94s parameters with all of the atoms fixed except for those of PLA and the residue interacting with PLA, i.e. Lys-197, Arg-345, Tyr-95, Thr-146, Glu-68, Arg-336, and water molecules within 10 Å from PLA. Polar protons are also allowed to move.
Protein Data Bank DepositionThe coordinate and structure factors for the free enzyme, and complexes with PL, PM, and PLA have been deposited in the RCSB Protein Data Bank under accession codes 2Z9U, 2Z9V, 2Z9W, and 2Z9X, respectively.
RESULTS AND DISCUSSION

Structure Determination of PPAT-
The crystal structure of PPAT from M. loti has been solved by means of molecular replacement and was refined to an R factor of 15.6% (R free ϭ 20.6%) at 2.0 Å resolution. In addition, the structures of PPAT in complexes with PM, PL, and PLA have been refined to R factors of 15.6, 15.4, and 14.5% (R free ϭ 18.6, 18.1, and 18.4%) at 1.7, 1.7, and 2.0 Å resolution, respectively. The final electron density maps allowed the positioning of all residues except for the first N-terminal residue (Met-1). Ramachandran plot analyses with PROCHECK (26) showed that 93-94% of the residues are in the most favored regions, and ϳ6% of those lie in additional allowed regions for all of the forms (Table 1) .
Overall Structure of PPAT-There are two molecules (subunits)/asymmetric unit of PPAT (Fig. 1A) . Each PPAT subunit consists of a large N-terminal domain , and a smaller C-terminal domain (2-21 or 268 -393) (Fig. 1, A and B) . The N-terminal domain has the three-layer ␣/␤/␣ sandwich architecture described in the CATH classification (29) , and consists of eight ␣-helices (␣1-␣8) and seven ␤-sheets (␤1-␤7), which have a 1␤1-2␤7-1␤6 -1␤5-1␤4 -1␤2-1␤3 arrangement (Fig. 1B) . This domain is characteristic of PLP-dependent fold-type I aminotransferases (30) . The C-terminal domain has an ␣/␤ complex architecture and consists of an N-terminal strand, four ␣-helices (␣9 -␣12), and three-stranded anti-parallel ␤-sheets (␤8 -␤10). The topology of the PPAT subunit was basically similar to those of class V aminotransferases such as the Saccharomyces cerevisiae and Nostoc sp. AGATs (19, 31) , with the exception of having an extra ␣-helix (␣12) at the C terminus. The mode of dimer formation by PPAT was slightly different from that in the case of AGATs because PPAT does not have the longer N-terminal strand that is found in the subunits of AGATs and stabilizes the formation of their dimers. Two dimers, related through a crystallographic 2-fold axis, form a PPAT tetramer, i.e. a dimer of dimers (Fig. 1C) . This is in good agreement with the finding that native PPAT is a tetramer in solution when its molecular weight was determined by size exclusion chromatography (13) . Two subunits (A and B) in one asymmetric unit associate with those (AЈ and BЈ) in the other asymmetric one. Subunit A exhibits interface accessible surface areas of ϳ2,000, 200, and 1,200 Å 2 as to subunits B, AЈ, and BЈ, respectively. Thus, subunits A and B are tightly associated through an extensive contact and exhibit 14 hydrogen bonds interactions and ϳ240 hydrophobic interactions. The dimers (AB and AЈBЈ) associate through interactions between the C-terminal domains of subunits A (B) and BЈ (AЈ) and those between the C-terminal domain of subunit A (BЈ) and the N-terminal strand (2-31 residues) of subunit BЈ (A). Thus, there are 20 hydrogen bonds and ϳ240 hydrophobic interactions between the dimers.
A structural homology search using MATRAS version 1.2 (32) Active Site of PPAT and Substrate Recognition-In contrast to general aminotransferases, the native PPAT had no coenzyme forms of vitamin B 6 , i.e. PLP or PMP (13) . The residual electron density of the free form of PPAT determined here clearly showed that it has no coenzyme. Instead, one glycerol (from the cryoprotectant solution) and one sulfate ion (from the reservoir solution) bound to the active site (Fig. 2) that is situated at the interface in the dimer (Fig. 1A) . When PPAT had been incubated with PL, it bound PL through a Schiff base linkage (13) . Here, it was found that PL is bound to the ⑀ amino group of Lys-197 through a double bond (an external aldimine) in the active site in the PPAT-PL complex, as shown in Fig.  2 . One molecule of PL bound to both subunits in the asymmetric unit. PL is stacked between Tyr-95 and Val-173 through hydrophobic interactions, and the phenol ring of Tyr-95 is situated at the re face of the pyridine ring of PL. The side chain of Thr-146 is hydrogen-bonded to the O-3Ј atom of PL, and this bond stabilizes its deprotonated state. The side chain of Thr-146 is kept in place through hydrogen bonding to O␥ of Ser-174. The negative charge on the O-3Ј atom of PL stabilizes the protonated form of the imine nitrogen of the external aldimine because they can form an intramolecular hydrogen bond (36) . Actually, the PL-Lys-197 Schiff base is protonated in a solution of pH 8.0, as determined on spectrophotometric analysis (13) . The torsion angle of the C-3-C-4 -C-4Ј-N-4Ј bond of the PLlysine-197 Schiff base is 23°, and the Schiff base is roughly coplanar with the pyridine ring. The protonated Schiff base in E. coli aspartate aminotransferase is also nearly coplanar with the pyridine ring of PLP (36, 37) . The side chain of Asp-171 forms a charged hydrogen bond with the protonated N-1 atom of PL, stabilizing the protonated N-1 to strengthen the electron-withdrawing capacity of PL (38) . The side chain of Glu-68 is hydrogen-bonded to O-5Ј of PL. PL exhibits van der Waals' interactions with Pro-69, Cys-142, His-144, and Ser-174. The sulfate ion from the reservoir solution lies near the PL at the active site and forms charged hydrogen bonds with N1 and N2 of Arg-345. This residue corresponds to the arginine involved in the recognition of the substrate ␣-carboxylate in class V aminotransferases. The sulfate is also hydrogen-bonded to O of Tyr-95 and N1 of Arg-336.
One molecule of PM is bound to both subunits in the asymmetric unit. In the PPAT-PM complex, PM is anchored to the same residues as those used for anchoring PL through hydrogen bonds and hydrophobic and van der Waals' interactions: Glu-68, Pro-69, Val-70, Leu-73, Tyr-95, Cys-142, His-144, Thr-146, Asp-171, Val-173, Ser-174, and the sulfate ion (Fig. 2) . In contrast to for the PPAT-PL complex, PM is not covalently bound to Binding of the Substrate Amino/Keto Acid-To identify the residues of PPAT involved in amino/keto acid binding, we determined the three-dimensional crystal structure of the enzyme in a complex with PLA, a bisubstrate analog. In the PPAT-PLA complex, the pyridoxyl moiety of PLA is anchored to the same residues as those used for anchoring PL or PM through hydrogen bonds and hydrophobic and van der Waals' interactions. The alanine moiety is recognized by Gly-17, Tyr-95, Thr-146, Pro-147, Thr-248*, Arg-336, and Arg-345 (the asterisk indicates a residue of another subunit) (Fig. 3) . Arg-345 particularly forms charged hydrogen bonds with the ␣-carboxylate group of the alanine moiety, with distances of 2.7 and 2. In the PPAT-PLA complex, the distance between N of Lys-197 and C␣ of PLA alanine is 5.3 Å. This distance is too great if we consider that the PPAT-PLA complex represents the external aldimine complex of PPAT with alanine and that Lys-197 is the base catalyst for the prototropic shift. Moreover, there are no candidate residues that can act as the base catalyst around the PLA C␣ atom. This suggested that the position and conformation of PLA is not an appropriate model for the external aldimine, In fact, the absence of the double bond of C-4 -C-4Ј and the sp 3 nature of PLA alanine N allows rotation around C-4 -C-4Ј and the formation of a hydrogen bond between PLA alanine N and the hydroxyl group of Tyr-95, both of which are not anticipated to occur in the true external aldimine between PL and alanine.
External Aldimine Model and Catalysis-To estimate the true external aldimine structure, we have calculated the energyminimized structure of the PL-alanine Schiff base in the active site of PPAT based on the PPAT-PLA complex structure. In the external aldimine model (Fig. 4) , the pyridine ring is shifted down compared with that of PLA. This is mainly caused by the opening of the angle C-4 -C-4Ј-N and C-4Ј-N-C␣, because C-4Ј and alanine N of the external aldimine exhibit sp 2 hybridization, compared with those of PLA that exhibit sp 3 hybridization. Accordingly, the side chain of Lys-197 does not form a hydrogen bond with O-5Ј of PL. The imine N atom of the external aldimine forms an intramolecular hydrogen bond with O-3Ј of PL, the hydrogen bond with O of Tyr-95 being lost. As a result, the distance between the Lys-197 side chain N atom and the C␣ atom of the external aldimine alanine is 3.7 Å, showing that Lys-197 can be the base catalyst for the prototropic shift. Thus, the PPAT reaction can be catalyzed in the same way as those of other PLP-dependent aminotransferases by the catalytic base, Lys-197, with the catalytic assistance of Asp-171 and Thr-146.
In the external aldimine model, the alanine ␣-carboxylate is hydrogen-bonded to two arginine residues (Arg-345 and Arg-336). In other class V aminotransferases, the ␣-carboxylate is attached to an arginine residue corresponding to PPAT Arg-345 through a hydrogen bond and salt bridge (15, 39) . The side chain of Arg-336 is more flexible in all forms of PPAT and lies near the alanine moiety of PLA bound to PPAT. To determine the contribution of this residue to catalysis, a mutant enzyme (R336A) in which Arg-336 was replaced with alanine was characterized. The kinetic parameters of the wild-type and R336A PPATs are shown in Table 2 . The affinity for pyruvate of R336A was remarkably decreased by ϳ20-fold compared with that of the wild-type PPAT, whereas the affinity for PM was decreased only by ϳ2-fold. Thus, Arg-336 is considered to be involved in the recognition and binding of amino/keto acid substrates in PPAT, probably by forming a hydrogen bond with the substrate ␣-carboxylate group.
Comparison with PLP-dependent Aminotransferases with Regard to PLP Recognition-General aminotransferases have PLP as a coenzyme. In contrast, PPAT could not bind PLP/PMP and did not catalyze the PMP-pyruvate aminotransferase reaction (13) . To determine why PPAT cannot bind PLP/PMP, the active site structure of the PPAT-PL complex was superimposed on that of Nostoc sp. AGAT (Fig. 5) . In the active site of AGAT, the phosphate group of the coenzyme is hydrogenbonded to O of Thr-81, N of Gly-82, N and O of Thr-83, and N⑀ of Gln-208. Glu-68, Pro-69, Val-70, and Gln-196, respectively, occupy the corresponding positions in the active site of PPAT. Pro-69 cannot form a hydrogen bond with the phosphate group because the lone pair electrons of its main chain amide N residue are occupied by the side chain C atom. Furthermore, the two O atoms (O⑀1 and O⑀2) of Glu-68 are hydrogen-bonded to the O-5Ј atom of PL, the distances between them being 2.8 and 3.2 Å. Thus, there is no space for the phosphate group of PLP in the active site of PPAT because of the presence of the side chain of Glu-68. To determine the role of Glu-68 in substrate recognition, it was replaced with alanine (E68A) or glycine (E68G) with smaller side chains. As expected, the E68A and E68G PPATs showed low but detectable PMP-pyruvate aminotransferase activity (Table 2) . These mutants could also bind PLP (measured spectrophotometrically; data not shown). The results showed that Glu-68 interferes with the binding of PLP/ PMP phosphate and makes PPAT specific to PL/PM. On the other hand, the E68A and E68G PPATs showed the remarkably decreased activity toward PM compared with that of the wildtype PPAT (Table 2 ). This suggested that Glu-68 is an important residue in the catalytic reaction of PPAT.
Reaction Mechanism of PPAT-The arrangement of amino acid residues and their interactions with substrates in the active site of PPAT described above suggest that although PPAT catalyzes transamination between PL/PM and amino/keto acids, the transamination reaction proceeds via essentially the same mechanism as that in the case of general PLP-dependent aminotransferases. Lys-197 is the base catalyst for the prototropic shift. Asp-171 and Thr-146 are considered to adjust the electronic status as well as to maintain the conformation and orientation of the Schiff base. Arg-336 and Arg-345 are used for the amino/keto acid recognition. Scheme 1 shows a proposed reaction mechanism for PPAT. PPAT first binds PM and then forms a Michaelis complex with the incoming pyruvate. The ketimine is formed through nucleophilic attack of the N-4Ј atom of PM on the ␣-carbon atom of pyruvate, which is followed by the release of a water molecule. The stereospecific 1,3-prototropic shift between the ketimine and external aldimine via the quinonoid intermediate is accomplished through general base cataly- sis by Lys-197. PL and L-alanine are formed from the external aldimine and released from PPAT. There are two possible pathways for the dissociation of the external aldimine into PL and L-alanine, that is, the external aldimine may be hydrolyzed to directly form PL and L-alanine, or the external aldimine first undergoes transaldimination to form L-alanine, and a Schiff base between PL and Lys-197, and then the latter is hydrolyzed to yield the free enzyme and PL. In either case, the hydrolysis of the Schiff base is thought to be partially rate-determining, as anticipated on kinetic consideration of the K d and K m values of PM and PL (13) . Crystallographic and spectrophotometric experiments showed that the internal Schiff base between Lys-197 and PL really exists (13) . However, this does not indicate that the internal Schiff base is the necessary intermediate in the PPAT reaction. The importance of this species in catalysis depends on the comparative formation/hydrolysis rates of the internal and external Schiff bases. This is a problem to be solved in the future. In contrast to coenzymes PLP and PMP in general aminotransferases, substrates PL and PM should dissociate from PPAT for the next cycle of the reaction. Because PL and PM do not have a phosphate group, which is anchored in the active site through several hydrogen bonds in general aminotransferases, the strength of their interaction with PPAT should be much lower (approximately half, based on the number of hydrogen bonds), and thus they can easily dissociate from PPAT. Indeed, the E. coli aspartate aminotransferase Y70F mutant, in which Tyr-70 involved in the formation of a hydrogen bond with the phosphate of PLP is replaced by phenylalanine, showed lower affinity for PLP and released it more readily than the wild-type enzyme (40) . Furthermore, PPAT has a side chain arrangement of residues around the active site that allows easy dissociation of substrates. Fig. 6 shows the active site structures of PPAT and Nostoc sp. AGAT. The volumes of their active sites are almost the same, and their topological characters are the same. However, many residues with bulky side chains, such as Tyr-107, Arg-111, Trp-240*, and Tyr-257*, exist in the active site of the AGAT and thus shield the active site (* means a residue of another subunit). In contrast, the corresponding residues in PPAT are Val-94, Gly-98, Ala-227*, and Pro-244*, respectively. These residues have short side chains and thus would not interfere with PM and PL entering and exiting the active site of PPAT.
Here, we have determined for the first time the crystal structure of a PLP-independent aminotransferase and proposed its reaction mechanism. PM binds to the active site of PPAT and forms a tertiary complex together with pyruvate and is changed to PL with the assistance of amino acid residues located in the active site. From the evolutional aspects, it is quite interesting to expect the presence of other types of enzymes that use PL as one substrate and racemize or decarboxylate another substrate such as an amino acid.
